Significant technology advances have enabled planetary aircraft to be considered as viable science platforms. Such systems fill a unique planetary science measurement gap, that of regional-scale, near-surface observation, while providing a fresh perspective for potential discovery. Recent efforts have produced mature mission and flight system concepts, ready for flight project implementation. This paper summarizes the development of a Mars airplane mission architecture that balances science, implementation risk and cost. Airplane mission performance, flight system design and technology maturation are described. The design, analysis and testing completed demonstrates the readiness of this science platform for use in a Mars flight project. Nomenclature C 3 = launch injection energy, (km/s) 2 L s = solar longitude, deg LTST = local true solar time, hr
Planetary airplanes with potential application to Mars, Venus or Titan have been studied for numerous years [1] [2] [3] [4] [5] as a means to bridge the scale and resolution measurement gaps between orbiters (global-scale, limited spatial resolution) and landers (local-scale, high spatial resolution). By traversing regional-scale distances at near-surface altitude, planetary airplane observations complement and extend orbital and landed measurements while providing a fresh perspective for scientific discovery. Planetary aircraft can also survey scientifically interesting terrain that is inaccessible or hazardous to landed missions. While unpowered concepts 6, 7 have been studied, powered airplanes offer a means to perform a controlled, near-surface scientific survey spanning hundreds of kilometers.
Two recent, large efforts have significantly advanced Mars airplane technology readiness. The Mars Micromission Airplane [8] [9] efforts of 1998-1999 brought out many of the design challenges associated with powered airplane flight on another planet. Challenges identified included the importance of airplane size as a means to reduce implementation risk and the need to mature the critical technologies of airplane wing/tail deployment and latching.
With these lessons learned, the Aerial Regional-scale Environmental Survey (ARES) Mars Scout airplane 10 
II. Mission Architecture
architecture enabled satisfaction of ARES science objectives through a simple, low-risk flight system design. The most critical mission architecture trades were as follows: 
Launch Vehicle Selection
The Delta II series of launch vehicles were considered. The 2425 vehicle did not provide sufficient launch mass capability. The 2925 vehicle was selected to balance mass and cost margins and resulting in approximately 30% cost margin and 30% launch mass margin. The 2925H vehicle would have provided an additional 155 kg of launch performance, for a cost increase of approximately $10M. 
Launch/Arrival Strategy

Direct Entry/Flyby versus Orbital Capture
Orbital capture was extensively considered. The propellant mass associated with orbital capture resulted in the need for a Delta II 2925H launch vehicle. The direct entry technique coupled with a flyby of the carrier vehicle allowed ARES to be launched on a 2925 vehicle, with an associated $15-20M in launch vehicle and spacecraft savings. In addition, the flyby geometry to the carrier spacecraft allowed a communications link duration and data return volume better matched to the airplane flight duration and science measurement data rate of the airplane mission relative to that possible through a single orbiter overflight. A direct entry/flyby mission architecture was selected for these two reasons. A direct-entry cruise stage option (as employed in the Mars Pathfinder and Mars Exploration Rover projects) was also considered, but determined to be high risk due to the reliance on existing assets as the only means of data return.
Science Platform
A powered airplane was selected because it is the only platform that satisfied all ARES science measurement requirements 11 . Selection of this science platform was made after considering orbiter, lander, glider, balloon, airship, and powered airplane mission concepts. These trades also considered platform quantity and propulsion system options. A single, powered airplane comprised of flight-proven subsystems provides robust performance, meets the science objectives, and provides a platform that can be tested using conventional techniques, thus minimizing risk.
Propeller and rocket propulsion systems were investigated. A rocket system was selected because it was the lowest risk means of achieving the ARES science objectives An inertial-aided aircraft navigation system consisting of a high-accuracy inertial measurement unit (IMU), air data system and radar altimeter was shown to be the minimum risk navigation strategy that met all requirements 13 .
III. Driving Requirements
The ARES baseline science scenario requires completion of a controlled aerial survey, spanning a flight range of 500 km at an altitude below 2 km. As described in Table 2 , these requirements drive selection of a powered airplane as well as the airplane propulsion and navigation systems and aerodynamic configuration.
Airplane structural mass is driven by launch vehicle vibration frequency requirements. Science payload pixel smear requirements limit apparent ground speed. Instrument data volume and the requirement for continuous contact drive ultra-high frequency (UHF) telecom power and performance. Airplane wingspan and tail size are constrained by the diameter of the aeroshell, which in turn is driven by the launch shroud diameter. Airplane wet mass allocation and aerodynamic lift requirements are determined by the pullout maneuver, terrain altitude and atmospheric density. 
IV. Mission System
An overview of the Mars airplane mission is provided in Figure 1 . simulations have confirmed the 7-second delay is sufficient to mitigate the potential for re-contact between the airplane and the heatshield. A mechanical system is used to ensure there is no contact between the airplane and aeroshell during the extraction process. This system guides the folded airplane down the parachute mortar canister, from where the airplane is released ( Figure 2 ). After extraction is complete, the airplane tail unfolds as a drogue chute is deployed. The drogue chute provides a positive reorientation force to ensure the airplane is aligned into the oncoming flow field prior to unfolding its wings. Cutting the wing retention cables allows the spring-initiated, aeroassisted wing unfolding to occur. The airplane uses its control surfaces to orient itself before initiating the pullout maneuver. The drogue chute is released when the Mach number passes its maximum. Critical events reconstruction data including video imagery of the entire deployment process is recorded and stored for later transmission. Upon 
V. Flight System
Extensive analyses, focused trade studies and three complete design cycles augmented with experimental results from wind-tunnel and flight testing have significantly matured the Mars airplane configuration 15 and its subsystems.
The outer shape (three-view) is depicted in Figure 5 . 
Navigation and Guidance
Airplane navigation uses inputs from the IMU, air data system (airspeed, angle-of-attack, and angle-of-sideslip), barometer (pressure altitude), and radar altimeter (terrain-relative altitude). The carrier spacecraft computer initializes the airplane navigation system prior to entry system separation. After separation, the IMU maintains its attitude knowledge using inputs from an aeroshell mounted sun sensor and the inertially stabilized aeroshell angular momentum vector. During atmospheric entry, the navigation relies on sensed deceleration forces. After pullout, navigation algorithms blend measurements from the guidance and navigation sensor suite. Navigation performance during the science survey is driven by the requirement of three nearly parallel tracks with a specified separation distance. Linear covariance analyses have shown the combination of this sensor suite and the navigation and guidance algorithms provide the necessary relative navigation knowledge throughout the science survey. 13
Command and Data Handling
The airplane C&DH subsystem performs science data collection in addition to the classical flight control including a data umbilical to the carrier spacecraft and to command the aeroshell pyrotechnic initiation unit. The overall system block diagram is shown in Figure 6 .
Science Payload
Five complementary instruments return a compelling set of integrated science measurements. The science payload consists of 2 wing-tip mounted magnetometers; a nose mounted mass spectrometer; a nadir pointing context camera, a nadir-oriented point spectrometer; and a tail mounted video camera. The integrated suite of instruments 
VI. System Performance
Airplane packaging is illustrated in Figure 7 . Thermal, electro-magnetic and mass balance issues drive subsystem packaging. Placement of the inertial measuring unit slightly forward of the airplane center of gravity and near the instantaneous center of rotation improves flight controls performance.
The current best estimate (CBE) mass is defined without any uncertainty or contingency. A maturity-based contingency is then applied to each component to derive the growth (or maximum expected) mass. Allocation mass is defined as the mass constrained by the laws of physics, where margin is defined as the difference between the growth and allocation values. The Mars airplane's mass posture is summarized in Table 3 . Range and endurance values for the CBE, growth, and allocation airplanes are also provided in this table. The airplane has been designed to successfully complete the pullout maneuver up to the allocation mass of 175 kg while meeting the baseline science range requirement of 500 km.
The performance capability of the Mars airplane is illustrated in Figure 8 . At its allocation mass and a Mach number of 0.68, this system has the ability to fly 3.5-km above the 3-high terrain within the Southern Highlands science target area. The allocation mass airplane can maintain a flight altitude 2-km above the 3-terrain even in the A system level mass breakdown is provided in Table 4 . A 26% airplane dry mass margin and 29% launch mass margin further mitigate development risk. Allocation mass constraints are prescribed by launch vehicle capability (975 kg) and airplane pullout mass (175 kg). across a wide range of airplane orientations. As shown in Figure 9 , ARES' test approach matured to the flight test stage in July-September 2002, culminating in a successful autonomous high-altitude deployment and pullout sequence at 103,500 feet. Flight data from this test indicated that the deployment sequence proceeded as predicted ( Figure 10a ) and the flight was smooth and stable, matching pre-flight performance predictions. 17 Figure 10b demonstrates that this test was completed within the anticipated Mach-Reynolds number Mars flight envelope, providing valuable data to anchor further analyses. Flight aspects demonstrated in this test included: wing and tail unfolding, angular motion, energy absorption, drogue chute inflation and release, orientation maneuverability, pullout aerodynamic performance, cruise aerodynamic performance, closed-loop stability and control, guidance accuracy using waypoint navigation and correlation to ground-based prediction methods.
VII. Technology Maturation
This technology maturation program is ongoing and includes analysis, bench testing, wind tunnel testing, and high altitude drop testing. In 2004, dozens of dynamic tests were completed using a 1/3 scale model of the ARES Airplane Extraction System. In these tests, a form-fit-function mass model was used to represent the airplane as it was released from the backshell (see Figure 2 ). In addition, wind tunnel results validating the system's aerodynamic performance were completed in June 2004. Figures 11 and 12 show part of the ARES team with the next high altitude drop test vehicle; a full-scale, launch capable, airframe. Risk reduction activities will continue in order to fully characterize the capabilities and performance of Mars airplane concepts in preparation for flight. 
VIII. Conclusions
The development of a viable Mars airplane mission architecture that balances science objectives, implementation risk and project cost has been described. This architecture emerged through application of sound systems engineering principles and a systematic approach to defining the mission objectives, ensuring science requirements were met and the interdependencies between all mission facets understood. The Mars airplane subsystems and science payload are largely comprised of space-qualified components. Significant technology advances have been achieved. Recent design, analysis and test experience has demonstrated the readiness of this science platform for use in a Mars flight project.
